This paper investigates the seismic performance of posttensioned concrete piers with external viscoelastic dampers to improve the energy dissipation capacity of this type of structure. An installation scheme for viscoelastic dampers on bridge piers is proposed, and the mechanical models of the damper are analyzed according to the installation scheme. By attaching the viscoelastic dampers to the posttensioned bridge piers, the analytical model of the hybrid system is established using the OpenSees finite element analysis package. Cyclic behavior and time history analyses are conducted on a posttensioned bridge with and without viscoelastic dampers using the established finite element model. The analysis results indicate that the viscoelastic dampers can effectively improve the seismic performance of the bridge structures with posttensioned piers.
Introduction
Residual displacement is a common seismic damage mode in conventional bridge piers. Because the residual displacement of bridge piers hinders emergency rescue efforts and increases the repair costs after earthquakes, researchers have recognized the importance of developing a hybrid system to achieve self-centering capacity by combining segmental piers with pretensioned tendons. In 1993, Priestley et al. [1, 2] proposed the concept of employing unbounded posttensioned tendons, which provided a restoring force on the piers, to achieve immediate recoverability of the structures following large earthquakes.
Following that, a number of analytical and experimental studies were performed to investigate the self-centering properties of the concrete piers with unbonded or partially bonded prestressed tendons under earthquake excitations. Among them, the monotonic behavior of the unbonded posttensioned bridge piers under increasing lateral force or displacement was analyzed by using the finite element method to understand the strength, stiffness, and ductility characteristics of the structural system [3, 4] . The hysteretic characteristics of the self-centering bridge piers were also widely investigated through both numerical simulation under cyclic loads and quasistatic tests. The analytical and experimental test results by Hewes and Priestley [5] , Chou and Chen [6] , and Pinto et al. [7] revealed that bridge piers with prestressed tendons could effectively resist the lateral cyclic load with sufficient strength while maintaining smaller residual displacement under large lateral deformation.
For bridge piers with unbonded posttensioned tendons, the seismic responses of the self-centering structures can be analyzed by using the nonlinear single-degree-of-freedom model through the idealized hysteretic curve based on cyclic behavior analysis and tests [1] . However, the time history analysis based on the finite element method, especially employing the fiber element to model the columns or piers, is more widely accepted for exploiting the seismic performance of the hybrid system [8] . To validate the analysis methods and design theories, Cheng [9] and Jeong et al. [10] conducted shaking table tests on self-centering reinforced concrete bridge columns. The experimental results by Cheng [9] demonstrated that the bridge model could rock up to 5% of the column rotation without damage or residual displacement. In addition, given the increasing interest in self-centering bridge piers, Wacker et al. [11] and Lee and Billington [12] also developed design procedures and a seismic assessment method based on the performancebased earthquake engineering framework. Whereas self-centering structures with posttensioned tendons exhibit high performance for eliminating residual displacement, it is also found that this type of structure contains inherent defects of low energy dissipation, which increases the seismic responses of the structures. Setting external dampers outside the bridge columns is an innovative technology to improve the seismic performance of such structures. To improve the energy dissipation capacity, Palermo et al. [13] used internal unbonded mild-steel reinforcement as the dissipater. The monotonic and cyclic behaviors of the joint hybrid system with self-centering and dissipation capacity were analyzed and experimentally validated through five 1 : 3 scaled bridge pier specimens. Ou et al. [14] proposed the method of using high-performance steel reinforcing bars as internal energy dissipation components of precast segmental bridge piers. The cyclic behavior has been experimentally investigated and compared with the conventional energy dissipation bars. The results indicated that the residual displacement would not be larger than 1% if the shear resistance provided by energy dissipation bar is below 35% in segmental bridge columns. Marriott et al. [15, 16] employed external replaceable mild-steel dissipaters to improve the energy dissipation capacity of posttensioned rocking bridge piers. The uniaxial and biaxial cyclic tests revealed that the hybrid system exhibits better stability, energy dissipation, and recentering capacities. However, the structural performance was significantly reduced under the biaxial loads compared with that under the uniaxial loadings. However, some researchers have also explored the use of concrete-filled steel tubes [6] or fiber-reinforced polymer (FRP) tubes [17] to enhance the ductility of the self-centering piers.
As described above, the self-centering piers generally consist of the bridge column, unbonded posttensioned tendons, and internal or external mild-steel reinforced bars for energy dissipation. Although the internal mild-steel dissipaters can increase the damping of the structures, the internal design scheme will make the repair or replacement of the dissipaters more difficult after earthquake events because of the nonlinear deformation and performance deterioration of the reinforced bars during the energy dissipation process. Alternatively, the external mild-steel dissipaters proposed in recent years could avoid those defects of the hybrid system. However, some passive energy dissipaters that have been widely used in the vibration control of building structures, such as viscous damper, viscoelastic damper, friction damper, and shape memory alloy dampers, can also be selected as the alternative energy dissipater for this type of structure.
This paper explores the possibility and effectiveness of viscoelastic dampers for enhancing the seismic performance of the self-centering bridge with posttensioned tendons. First, the installation scheme of the viscoelastic damper is proposed. Considering the deformation status of the viscoelastic dampers, the mechanical models of the viscoelastic dampers are proposed for the earthquake ground motions in the longitudinal and transverse directions, respectively. The finite element model of the hybrid system with posttensioned tendons and viscoelastic dampers is established by using the OpenSees software package. A numerical simulation is conducted to validate the effectiveness of the proposed hybrid system. From the cyclic behavior and the time history analysis, it is observed that the viscoelasticity can effectively mitigate the seismic responses of the bridge with posttensioned self-centering bridge piers. Figure 1(a) shows the schematic diagram of the common self-centering bridge pier equipped with posttensioned tendons. For this type of hybrid structure, the bottom of the pier is separated from the foundation, and posttensioned tendons with initial strain are adopted to generate the recentering lateral force. During the seismic events, the structure sustains the gravity loads and the seismic-induced lateral inertia force. Owing to the noncontinuity between the bridge pier and foundation, the bridge pier achieves the ability of self-centering under the combination of the gravity loads and the tension force generated by the posttensioned tendons. Generally, the hybrid bridge pier has the potential for flexural failure with gap opening and shear slip failure between the pier and foundation under the lateral loads. Among them, the shear slip of the hybrid piers should be avoided owing to the irreversibility through appropriate design, such as setting a spherical ball-and-socket located at the center of the section given in [16] . Therefore, the shear slip failure of the hybrid piers is not included in the numerical simulation of this study.
Installation Scheme and Mechanical Models of Viscoelastic Damper

Installation Scheme of the Viscoelastic Dampers.
It is well known that self-centering bridge piers generally sustain small structural damage owing to the noncontinuous joint between the piers and foundation and the posttensioned tendons. However, this type of structure has very narrow flag-shape hysteretic characteristics, achieving a minor level of hysteretic damping under seismic excitations. To increase the damping of the structures, viscoelastic dampers are proposed to be employed as the external dissipater. The suggested configuration of the viscoelastic damper used in this study is shown in Figure 1 (b). It is observed that this configuration of the energy-dissipated device is similar to the conventional viscoelastic dampers with several sandwich layers of viscoelastic material and steel plates. One-way hinges are set at both ends of the damper. The installation scheme of the damper attached to the pier is depicted in Figure 1 (c). It is observed that the viscoelastic dampers are installed at the bottom of the piers. One hinge is connected with the foundation, and the other is fixed on the column. It can be found from the figure that the viscoelastic dampers sustain the axial tension force only if the earthquake ground motion is propagated along the longitudinal direction owing to the function of the hinges. In this case, the viscoelastic material between the outer steel flanges and the center plate is subjected only to pure shear deformation under the external earthquake ground motions. However, if the earthquake excitation attacks the bridge structure along the transverse direction, the viscoelastic damper would move together with the deformation of the pier, resulting in the torsion of the viscoelastic material between the inner and outer steel plates.
Mechanical Properties of the Viscoelastic Damper.
In the following, the mechanical model of the viscoelastic damper under the two different deformation cases is analyzed. In the case of pure shear deformation of the viscoelastic material, the corresponding force-displacement relationship can be written in the common form as
where ( ) is the control force generated by the viscoelastic damper; and are the equivalent stiffness and damping of the dampers, respectively; and ( ) anḋ( ) are the relative displacement and velocity, respectively, between the outer and inner steel plates. In the above equation, the equivalent stiffness and damping of the damper can be calculated by
where is the number of viscoelastic material layers; ( ) and ( ) are the shear storage modulus and shear loss modulus of the viscoelastic material, respectively; and and ℎ are the area and thickness, respectively, of the viscoelastic material bonded between two neighboring steel plates.
When the earthquake attacks the pier along the transverse direction of the damper, the hinge attached to the bridge pier will move together with the pier, consequently sustaining the rotation and imposing additional moment on the piers. The schematic diagram of the mechanical model of the viscoelastic damper in this case is shown in Figure 2 . For simplicity, the posttensioned tendons are not depicted in this figure. It is observed that the longitudinal steel reinforcement of the selfcentering piers does not extend into the foundation. When the earthquake excitations are exerted on the structure, they will induce the gap opening of the joint and noncontinuous interface between the column and footing. Under seismic excitations, the hinge attached to the piers will simultaneously move with the structures, whereas the bottom hinge is rigidly fixed with the footing. In this case, the deformation of the viscoelastic damper can be decoupled into the horizontal and vertical deformation and the rotation around the center of the dampers.
The outer steel flange attached with the pier is assumed to be rigid. In accordance with the relationship between the movement of the pier and the viscoelastic damper, the deformation at the center of the damper can be obtained as
where , , and are the horizontal and vertical deformations and rotation of the pier at point , respectively; , , and are the corresponding deformations and rotation of the damper; and is the length between the center of the damper and the hinge.
According to the above deformation relationship between the pier and damper, the horizontal and the vertical control forces generated by the device can be easily written as Owing to the rotation of the viscoelastic damper, the torque through the damper center can be obtained by the integration of the shear stress multiplying the arm as
where and are the width and length of the viscoelastic layer, respectively, and is the shear stress calculated by
Substituting (6) into (5), the torque of the viscoelastic damper is then obtained as
Analytical Model of the Hybrid System
Finite Element Model of the Common Posttensioned Bridge
Pier. An effective and accurate analytical model is an important tool for the prediction of the seismic performance of a structure. Various types of analytical models have been developed for self-centering structures with rocking behavior, including the simple lumped plasticity approaches, the finite element method (FEM) with fiber elements, and even 3D FEMs [18] . In this study, the hybrid system of a self-centering bridge pier with a viscoelastic damper is analyzed by using the finite element method based on the OpenSees software application [19] . The schematic diagram of the analytical model of the hybrid system is shown in Figure 3 .
Figures 3(a) and 3(b) show the finite element model of the common posttensioned bridge pier. As shown in the figure, the self-centering pier can be modeled by the nonlinear beam-column element for the concrete column and the truss element for the tendons. In this study, the column section is defined with the fiber model using the material model Concrete02, which was developed based on the Kent-ScottPark model [20] , for the unconfined cover concrete and the confined core concrete. The constitutive relationship of reinforcement is represented by using the Steel02 material model based on the Giuffre-Menegotto-Pinto model [21] . For the unbonded tendons, initial stress is applied to the truss elements to model the initial tension force of the tendons. Owing to the constraints of the concrete, the lateral DOFs of the truss element are assumed to be coupled with the fiber element, whereas the longitudinal DOFs are free in the vertical direction. At the top of pier, all nodal DOFs of the truss element are constrained to the node of the fiber element to model the anchorages of the posttensioned tendons with the concrete column.
Because of the existence of the joint and critical section between the pier bottom and foundation of the rocking system, it has noncontinuity and incompatibility of the deformation at the opening interface. Generally, there are two different ways to model the gap opening of self-centering structures. The method proposed by Kurama [22] is used in the distributed tensile deformation along the whole length of a pier to simulate local deformation of the opening interface at the joint. To achieve this purpose, the effects of the reinforcement and the tensile strength of the concrete are neglected in the numerical simulation. Actually, this method induces the inaccurate prediction of the local strain and stress of the joint. However, the analysis results of Kurama [22] demonstrated that the global force-displacement relationship and the structural responses of the rocking system can be effectively captured by using the method.
The effectiveness of the viscoelastic damper installed at the bottom of the bridge pier is strongly related to the gap opening and the corresponding local deformation of the bridge structure. Therefore, the above method is unsuitable for the response analysis of the hybrid system. To model the gap opening and the local deformation, the zero-length element is used in the finite element model. As shown in Figure 3(b) , two rigid beam elements are set at the bottom of the column with the length equaling half the beam width. At the end of the rigid beam elements, zero-length elements are used to connect the beams and the foundations. An elastic material tolerating only compression without tension is assigned to the zero-length element. Furthermore, to prevent the penetration of the column into the foundation, a large modulus of elasticity is set for the material of the zerolength elements.
Finite Element Model of the Posttensioned Pier with
Viscoelastic Dampers. Based on the finite element model of the common posttensioned bridge pier, the analytical model of the hybrid system with viscoelastic dampers is also established considering the difference of the propagation direction of the earthquake excitations and the deformation status of the viscoelastic damper. As shown in Figure 3 , if the viscoelastic dampers sustain only pure shear deformation, the viscoelastic damper can be easily modeled by the Kelvin model with the elastic spring and dashpot combined in parallel. In OpenSees, the Kelvin model can be represented by two truss elements with elastic and viscous materials, respectively. In this case, the finite element model of the column with a viscoelastic damper is shown in Figure 3(c) . In this model, it is also observed that two rigid beam elements are set to consider the installation location of the dampers.
If the earthquake excites the structure in the transverse direction, which induces the translation and rotation of the viscoelastic dampers, the finite element model of the structure with viscoelastic dampers can be modeled by using two zero-length elements, as shown in Figure 3(d) , according to the mechanical model of the viscoelastic damper. In this case, one zero-length element with elastic materials is adopted to model the restoring force in the three different DOF directions. The other zero-length element uses the viscous materials to model the damping forces. According to (4) and (7), the stiffness and damping of the zero-length element can be determined as ( , , ( 2 + 2 ) /12) and ( , , ( 2 + 2 ) /12), respectively. Table 1 . According to the above parameters, the reinforcement ratios of the longitudinal rebar and the unbonded posttensioned tendons are calculated to be 1.23% and 0.39%, respectively. The axial compression ratios generated by the self-weight of the superstructure and the prestressed tendons are computed to be 12.3% and 9.07%, respectively.
Numerical Simulation
Description of the Bridge
Two viscoelastic dampers are assumed to be attached to the bridge piers to investigate the effectiveness of the devices to improve the seismic performance of the structure.
Generally, it is more feasible to have four viscoelastic dampers all around a pier. However, in order to more clearly investigate the performance of the VE dampers in the two different directions, only two dampers were considered in this study. The seismic performance of the hybrid system is individually analyzed in the longitudinal and transvers directions, respectively, with the installation scheme shown in Figure 1(c) . For the VE dampers, the shear modulus and loss modulus of the viscoelastic material are selected to be 2.0 MPa and 3.0 MPa, respectively. Each damper is designed to have two layers of viscoelastic materials with thickness of 8.0 mm. The ultimate shear strain at failure status of the viscoelastic material is assumed to be 200%. The length and width of viscoelastic layer are set to be 0.6 m. A finite element model of the hybrid system is built by using the OpenSees software package and the method introduced above. Before the analysis, the initial stress and the gravity load are first applied to the posttensioned tendons and the columns, respectively, to achieve the initial static status of the structure.
Cyclic Behavior.
The hysteretic characteristic of bridge piers is generally able to capture the backbone skeleton loading curves and energy dissipation of the structural components. With the finite element model, the cyclic relationship between the base shear force and the top displacement of the common posttensioned bridge pier is analyzed and shown in Figure 5 for the weak (longitudinal) and strong axis (transverse) directions, respectively. From the figure, it is observed that the cyclic behavior of the posttensioned bridge structure is nearly nonlinear elastic owing to the separation of the joint between the pier and foundation and the action of the posttensioned tendons. This simulation result coincides well with the test results of [13] . The extremely narrow hysteresis loops reveal that the energy dissipation of the structure is very small.
For comparison, the hysteretic curves of the posttensioned bridge pier equipped with viscoelastic dampers Shock and Vibration are also shown in Figure 5 . In this simulation, harmonic lateral displacement is applied at the top pier with frequency of 1.0 Hz to consider the damping force provided by the viscoelastic damper. It can be observed from the figure that the lateral force of the common posttensioned bridge pier gradually decreases with increasing gap opening of the noncontinuous interface at the bottom. However, with the installation of the viscoelastic damper, the hysteresis loop of the hybrid system becomes fuller than the common posttensioned pier because the viscoelastic damper provides additional damping to the structure.
The gap opening height at the left side joint is shown in Figure 6 for the structure subjected to cyclic loadings. It can be observed that the opening of the gap interface appears only under the half cycle of harmonic excitation for each side. For the same maximum lateral displacement of 18 cm at the top pier, the maximum opening height is reduced from 16.5 mm to 12.5 mm and from 28.6 mm to 21.2 mm for the longitudinal and transverse directions, respectively, representing reductions of 24.2% and 25.9%, after the installation of the viscoelastic dampers. Moreover, Figure 7 shows the relationship between the lateral top displacement and the tension force of the tendons. It can be 8 Shock and Vibration found that the initial stress of the tendons is set as 700 MPa with a tension force of approximately 5.88 × 10 3 kN. During the analysis, the tension force of the tendons is reduced to 5.55 × 10 3 kN owing to the loss of prestress under the gravity loadings. With increasing lateral top deformation, the tension forces are also approximately increased linearly. When the lateral deformation is increased to 18.0 cm, the tension forces of the tendons of the common posttensioned bridge pier are also increased to 7.37 × 10 3 kN and 8.57 × 10 3 kN in the longitudinal and transverse directions, respectively, with corresponding tension stress of 877 MPa and 1020 MPa. With the installation of the viscoelastic dampers, the tension forces slightly decrease to 6.98 × 10 3 kN and 8.04 × 10 3 kN, respectively, with corresponding tension stress of 831 MPa and 957 MPa.
Time History Analysis.
To further investigate the effectiveness of the viscoelastic damper, a nonlinear time history analysis was performed on the structure using the established finite element model. Three earthquake records are selected as the inputs of the ground motion. Those earthquake records satisfy the response spectrum of ground type B in EC8. During the analysis, all peak ground acceleration (PGA) values of the earthquake records are scaled to 620 gal for the severe earthquake with seismic intensity 9 according to the Code for Seismic Design of Urban Bridges of China (CJJ166-2011) [23] . The basic information of those earthquake records is listed in Table 2 .
As an example, the dynamic responses of the structures under the Northridge earthquake are comprehensively analyzed in the following. The acceleration signals of the Northridge earthquake record are shown in Figure 8(a) . Through the numerical simulation, Figure 9 shows the time history of the displacement of the bridge deck under the Northridge earthquake record. It can be seen from the figure that the maximum displacement of the uncontrolled bridge is 12.0 cm in the longitudinal direction. With the installation of the viscoelastic dampers, the peak displacement is reduced to 9.5 cm, a reduction of 20.8%. The RMS value of the peak displacement is also reduced from 3.9 cm to 3.6 cm, a reduction of 7.7%. In the transverse direction, the maximum displacement and RMS value of the bridge deck are found to be 12.7 cm and 3.6 cm, respectively. For the hybrid system with viscoelastic dampers, they are reduced to 10.8 cm and 2.8 cm, respectively, reductions of 15.0% and 22.2%.
To further investigate the effectiveness of the hybrid system, Figure 10 shows the time history of the bottom shear of the bridge. It can be seen from the figure that the bottom shear is reduced from 1246 kN to 1133 kN and from 2443 kN to 1860 kN for the longitudinal and transverse directions, respectively, with the installation of the viscoelastic dampers. Figure 11 shows the acceleration responses of the bridge deck with and without viscoelastic damper. It is observed from the figure that the peak acceleration responses are reduced from 7. with the installation of the viscoelastic dampers. From the analysis results, it can be found that the effectiveness of viscoelastic dampers is not significant for the mitigation of the acceleration responses. The reason of this phenomenon is due to the increase of the natural frequency of the structure with the installation of the viscoelastic dampers, which provided additional stiffness on the structures. The tension force of the posttensioned tendons is also shown in Figure 12 . It is seen in the figure that the maximum tension force is slightly decreased from 6562 kN to 6361 kN, a reduction of 3.06%, in the longitudinal direction. In the transverse direction, the tension force is reduced from 7522 kN to 6913 kN, a reduction of 8.10%. For the gap opening of the joint, Figure 13 shows the time histories of the opening height of the left side joint. It can be observed that the joint opening height is reduced from 8.8 mm to 5.5 mm and from 16.3 mm to 6.3 mm for the longitudinal and transverse directions, respectively, with the installation of the viscoelastic dampers. For comparison, the maximum and RMS responses, including the displacement and acceleration of the bridge deck and the bottom base shear, of the common posttensioned bridge and hybrid systems with viscoelastic dampers are summarized in Tables 3-5 . It should be mentioned that the maximum and RMS values of the base shears listed in Table 5 are only the lateral load resisted by the concrete pier and tendons, and the base shears sustained by the VE dampers are not included for the convenience of comparison with the uncontrolled structure. From those tables, it can be seen that the viscoelastic damper can effectively reduce the structural dynamic responses and improve the seismic performance of the hybrid system.
Conclusions
This paper proposed a passive control approach for a posttensioned self-centering bridge pier using the viscoelastic 
